Exposure to toxic chemicals, especially chemotherapeutic drugs, may induce several DNA lesions, including DNA interstrand crosslinks. These crosslinks are considered toxic lesions to the dividing cells since they can induce mutations, chromosomal rearrangements, and cell death. Many DNA interstrand crosslinks lesions can be generated by platinum-based chemotherapeutic agents. Satraplatin is a novel orally administered platinum-based chemotherapeutic agent. In the present study, we investigated DNA interstrand crosslinks lesions induced by oxaliplatin and satraplatin in lymphocytes obtained from colorectal cancer patients and healthy volunteers. Satraplatin demonstrated an increase in interstrand crosslinks in a dose-dependent manner in the Comet assay (p < 0.001). In addition, satraplatin and oxaliplatin increased significantly the number of sister chromatid exchanges up to 8.5-fold and 5.1-fold (p < 0.001) respectively, when treated with 2 µM concentration in comparison to untreated colorectal cancer cells. Further, the γH2AX foci formation was investigated by an immunofluorescence assay with oxaliplatin and satraplatin. The γH2AX foci formation rate was increased by approximately 9-fold when lymphocytes were treated with 2 μM oxaliplatin. Satraplatin was found to significantly induce the number of γH2AX foci by 8.5-fold and 11-fold with both 0.2 μM and 2.0 μM, respectively, compared to the control volunteers that may indicate the repair system in cancer cells experiences a loss of ability to cope with the repair of DSBs. In conclusion, oxaliplatin and satraplatin effectively induced DNA interstrand crosslinks in lymphocytes obtained from colorectal cancer patients and healthy volunteers in vitro. Here, to the best of our knowledge we report for the first time evidence of DNA double strand breaks formation as a possible molecular mechanism of action for satraplatin.
Introduction
Exposure to toxic chemicals, especially chemotherapeutic drugs, may induce DNA damage, and consequently, many chemically induced modifications may result to the DNA. These modifications on the DNA can produce several lesions, including DNA interstrand crosslinks. Interstrand crosslinks are considered toxic lesions to the dividing cells because of their capability of inducing mutations, chromosomal rearrangements, and cell death [1, 2] . Many chemotherapeutic agents can initially generate covalent adducts at DNA bases on both strands, eventually resulting in interstrand crosslinks. The formation of DNA adducts causes distortion in the DNA structure, including unwinding and bending, and obstructs DNA replication and transcription, thereby resulting in an enhancement in cell death (apoptosis) in vitro and cell-cycle arrest in the G2 phase [3] . Interstrand crosslinking (ICL) based anticancer agents such as cisplatin, carboplatin, and mitomycin C (MMC) are used generally in the clinic and novel ICL cancer anticancer therapeutics continue to be developed [4, 5] . The discovery and development of platinum complexes is one of the great success stories in the advancement of cancer chemotherapy because of the pronounced activity of cisplatin in the treatment of testicular and ovarian cancers [6] . However, treatment with cisplatin is limited due to its severe side effects such as nephrotoxicity and peripheral neurotoxicity [7, 8] . Highly toxic DNA interstrand crosslink lesions are generated by platinumbased chemotherapeutic agents [9] . Further, the risk of secondary malignancies is high from treatment with ICLinducing agents treatment [10] possibly due to mutagenic effects of the lesions in normal cells.
In an attempt to reduce the problematic side effects of cisplatin [11] , many platinum-class derivatives were developed including oxaliplatin and satraplatin. The latter was introduced in the year 1993 [12] and it is still awaiting its approval from the FDA. Satraplatin unlike other approved platinum-based compounds (cisplatin, carboplatin, and oxaliplatin) is administrated orally, whereas the others are administrated intravenously [13] . This compound was considered a probable chemotherapeutic agent because it demonstrated a greater extent of cell killing in cisplatin-resistant cancers [14] . Satraplatin also demonstrated clinical activity against various mammalian cancers including prostate [15, 16] , ovarian [12] , cervical, and lung [17] cancers.
Colorectal cancer is currently ranked as the third most common cancer following breast and lung cancers. In the United Kingdom, there is an average of 106 new diagnoses of colorectal cancer delivered on a daily basis [18] . However, the basic and molecular pharmacological effects of satraplatin are still unknown in all types of cancer including colorectal cancer (CRC) [19] .The damage caused to DNA by satraplatin is repaired by a mammalian nucleotide excision repair pathway that is similar to repairs done after damage by cisplatin and oxaliplatin [20] . However, satraplatin-induced adducts are not known to be recognized by DNA mismatch repair proteins unlike those from cisplatin and carboplatin [21] . Some research studies have suggested that satraplatin induced adducts are unable to bind to the high mobility group 1 protein, which is capable of recognizing DNA damage due to cisplatin, and therefore trans-lesion replication is inhibited [22] .
Many of the compounds used as chemotherapeutic agents exert their action in cancer cells by inducing the formation of DNA double-strand breaks. DNA double-strand breaks (DSBs) represent the most hazardous type of DNA damage since a single DSB is capable of causing cell death or disturbing the genomic integrity of the cell [23] . DSBs are difficult to repair and extremely harmful [24] . DSBs are more toxic in fast growing cells; hence, agents that cause DSB formation find application in cancer treatment. DSBs generally form when two single-strand breaks (SSBs) occur in close proximity, or when a SSB or certain other lesions are encountered during DNA-replication [23] . Mediated by DSBs, DNA lesions develop as a result of recombination between different loci [25] . DSBs are processed by a number of DNA repair pathways depending partly on the phases of the cell cycle. One of the earliest DSB repair responses is phosphorylation of the Ser-139 residue within the terminal SQEY motif of the histone H2AX [26] . The phosphorylated form of H2AX, referred to as gammaH2AX (γH2AX), is produced by a reaction catalysed by the phosphatidyl-inositol 3-kinase (PI3K) family of proteins, ATM, DNA-protein kinase catalytic subunit, and ATM and RAD3-related (ATR). The protein kinases, ATM and ATR are key DNA damage response (DDR)-signalling constituents of mammalian cells [27] . γH2AX forms discrete foci consisting of an accumulation of repair proteins in large domains of chromatin around the site of the DSB that are easily visualized by immunofluorescence [28, 29] , providing a measure of the number of DSBs within a cell [30] . The H2AX-interacting proteins include NBS1, 53BP1 and MDC1 [31] . The observation of intense staining of γH2AX in S phase cells and faint staining in G1 cells in some studies [32] suggest that γH2AX formation possibly occurs to safeguard cell cycle checkpoints that protect the cell from genomic instability [28] .
The main aim of the present study was to measure the interstrand crosslinks formation induced by satraplatin against oxaliplatin. Also to investigate the induction of DNA double strand breaks in lymphocytes obtained from colorectal cancer patients and healthy individuals in response to satraplatin and oxaliplatin treatments.
Material and Methods

Chemicals
Oxaliplatin phprep (Axis-shield, Norway) without disturbing the Lymphoprep layer followed by centrifugation at 1900 rpm (800× g) for 20 minutes. The lymphocyte layer was transferred and washed in 10ml of saline followed by centrifugation at 1500 rpm (500× g) for 15 minutes. The supernatant was discarded and the pellet was resuspended in 90% foetal bovine serum. Subsequently, the suspension was stored in 1 ml cryovials containing 10% DMSO at -20˚C overnight; the next day the cryovials were transferred to -80˚C for storage until use.
Lymphocyte Treatment Prior to the Comet
Assay and Cell Viability The lymphocytes were thawed in a 37˚C water bath then washed twice in PBS. The pellet was resuspended in PBS in Eppendorf tubes and supplemented with different concentrations of oxaliplatin or satraplatin. The volumes of oxaliplatin and satraplatin stock solution were always kept at 1% of the final solution volume. Lymphocytes were incubated with different oxaliplatin or satraplatin end concentrations (0.02, 0.2, 2.0, 20 and 200 µM) for 1 hour at 37˚C. After incubation, the cells were centrifuged for 5 minutes at 4000 rpm (1330× g) and washed twice with PBS. After the initial treatment with oxaliplatin or satraplatin, the cells were similarly treated for 30 minutes at 37˚C with 50 µM H 2 O 2 also in a 1000 µl final volume. The negative control was prepared without addition of oxaliplatin or satraplatin while H 2 O 2 the positive control was prepared by incubating the lymphocytes with 50 µM H 2 O 2 only without any addition of oxaliplatin or satraplatin.
The viability of the treated cells was measured after the initial one-hour incubation with oxaliplatin or satraplatin by using Trypan blue exclusion according to Henderson et al. [33] . Treated cells were mixed 50:50 with 0.4% Trypan blue, and then 100 cells were scored for viability using a phase-contrast microscope. Any concentration providing cell viability below 75% was excluded.
The Comet Assay and Data Analysis
The Comet assay was carried out as previously described [34] . In brief, treated cells were washed twice with PBS and the supernatant was discarded except for 100 µl in which the cell pellet was resuspended. The cells were then mixed with 100 µl 1% low melting point (LMP) agarose and 100 µl of this cell suspension were transferred onto each of two glass slides pre-coated with 1% normal melting point (NMP) agarose. The slides were placed on ice for 5 minutes then 100 µl 0.5% LMP agarose were added to the slides as a third agarose layer. The slides were placed on ice again for 5 minutes to allow the agarose to set. The slides were placed overnight at 4˚C in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Trizma base, 1% Triton X-100 and 10% DMSO at pH 10). The next day, the slides were transferred to an electrophoresis tray and submerged for 30 minutes in alkaline electrophoresis buffer (300 mM NaOH and 1 mM EDTA, pH >13) at 4˚C for DNA unwinding. The electrophoresis was carried out at 25 Volts and 300 mA (0.75 V/cm) for 30 minutes. Afterwards, the slides were washed three times for 5 minutes each in neutralising buffer (0.4 M Tris, pH 7.5), and the DNA was stained with 60 µl of ethidium bromide (20 µg/ml). The slides were evaluated by using an image analysis system (Komet 4, Kinetic Imaging, Liverpool) using a CCD camera attached to a fluorescence microscope with a final magnification of 200×. A total of 100 cells were evaluated per specimen and dose, 50 cells per duplicate slide. The Olive tail moment (OTM) was calculated as the product of the percentage DNA in the comet tail and the distance between the centres of gravity for DNA in the head and tail [35] and the data were presented as mean ±S.E. Oxaliplatin or satraplatin crosslinks were concluded as a decrease in percentage of the OTM compared to that of hydrogen peroxide (H 2 O 2 ) [36] .
Cell Culture
Under sterile conditions, 500 µl of whole blood was cultured in 25 cm 2 culture flasks containing 4.5 ml RPMI 1640 medium with Glutamax-I, 20% foetal bovine serum (FBS) and 1% penicillin-streptomycin solution. PHA was added to reach a 2.5% final concentration in order to stimulate T-lymphocyte proliferation [37] . For the SCE assay, 40 µl of 1.25 mM BrdU were additionally added to each culture. The cultures were incubated at 37˚C in the presence of 5% CO 2 in air for 48 hours. Oxaliplatin or satraplatin were added to the cultures at final concentrations of 0.02, 0.2, and 2 µM after 24 hours of incubation time [38] . The cells were arrested in metaphase stage after 45 hours by adding colcemid at a final concentration of 0.15 µg/ml. The negative control was cultured without the addition of oxaliplatin or satraplatin. Mitomycin C (final concentration of 0.4 µM) was used as a positive control. Each experiment was done in duplicate with both controls included [39] .
Sister Chromatid Exchange
The assay carried out as previously described [40] .The culture medium was transferred into Falcon tubes and centrifuged at 1000 rpm (330× g) for 10 minutes. The cells were incubated in a hypotonic solution (75 mM KCl) for 15 minutes at 37˚C followed by a further centrifugation step. The cells were incubated three times in fixative (Carnoy's solution = 1:3 acetic acid/methanol), each time followed by a centrifugation step. The cells were kept at 4˚C overnight in fixative. Slides with metaphase spreads were prepared by dropping 2 equally distant spots each of 20 µl cell suspension onto clean glass slides. Slides were left to "age" for one week at 37˚C. For SCE detection, the slides were placed in 1µg/ml bisbenzimide for 25 minutes. After a short wash in water, slides were placed under a UV A/B lamp for 90 minutes covered with PBS buffer. Next, the slides were transferred in 2 × SSC at 60˚C for 30 minutes, followed by staining in 5% Giemsa in phosphate buffer for 5 minutes. Slides were left to dry before mounting with DPX. Two slides were prepared per culture and a total of 50 metaphases were evaluated per treatment. All slides were blindly coded prior to scoring using a bright-field light microscope with 1000× magnification.
The proliferation rate index (PRI) was determined according to the formula: PRI = (M1 + 2M2 + 3M3)/N; where M1, M2 and M3 reflect the first, second and the third mitosis respectively while N represents the total cells scored.
Immunofluorescence Detection
Lymphocyte Treatment Separated lymphocytes were incubated with different concentrations (0.02, 0.2 and 2 µM) of oxaliplatin or satraplatin as a final concentration for 1h at 37˚C in Eppendorf ® tubes containing 79% of RPMI 1640 media with Glutamax-I, 20% foetal bovine serum (FBS) and 1% penicillin-streptomycin solution. Next the cells were centrifuged for 5 minutes at 4000 rpm (1330× g) and the cells were washed twice with PBS then cells were resuspended in RPMI 1640 media and incubated at 37˚C for 16 hours [41] .
The washing steps with PBS were repeated twice then the cells were resuspended in 100 µl PBS and dropped on clean slides. Once the slides dried the cells were fixed in 4% formaldehyde solution for 15 minutes at room temperature (RT). The cells were washed with PBS for 5 minutes three times followed by incubation in permeabilising solution (0.1% Triton X-100 in PBS) for 10 minutes at RT. The unspecific binding sites were blocked for one hour in antibody blocking buffer (1% BSA in PBT). The cells were incubated with the anti-rabbit primary antibody γH2AX (Phospho139) (Abcam, 2893) in antibody blocking buffer (1:100) for 45 minutes at RT then the cells were incubated with Chromeo™ 488 goat antirabbit IgG (Abcam, 60314) in 1% BSA/PBT (1:250) for 45 minutes in the dark after washing twice with PBS. Afterwards, the cells were washed three times with PBS, and the nuclear DNA was stained with DAPI (5 mg/ml). ProLong ® Gold antifade reagent was used as mounting media then the slides were covered by cover slips and left to dry on a flat surface in the dark. Untreated cells were used as the negative control without the addition of oxaliplatin or satraplatin. Ethyl methanesulfonate (EMS) (final concentration of 1.5 mM) was used as a positive control [42] . Each experiment was done in duplicate with both controls included A total of 100 cells was analysed by a fluorescence microscope connected with a CCD camera (Nikon Digital Sight DS-SMC, Surrey, UK) with 1000× magnification. Two slides were prepared per treatment and all of them were coded prior to analysis.
Statistical Analysis
Statistical analysis was carried out by using the statistical software SPSS 13.0. The data were presented as mean ±SE and the data normality was assessed by using normal probability plots. To analyse the significance between the different treatment concentrations, the data were analysed by one-way ANOVA followed by Dunnett's post hoc test for significant differences. The level of significance was considered at p < 0.05.
Results
DNA Crosslinks Formation Induced by Oxaliplatin and Satraplatin
To qualitatively measure the DNA crosslinking action of oxaliplatin and satraplatin in vitro, the treatment of lymphocytes for the alkaline Comet assay was modified. This modification allowed the detection of the formation of DNA crosslinks via the pseudo-reduction in DNA damage induced by H 2 O 2 . Colorectal cancer patient lymphocytes were treated with increasing concentrations of either oxaliplatin or satraplatin (0.02 µM -200 µM). Despite an increase in the oxaliplatin and satraplatin concentrations, our data showed that in vitro treatment of lymphocytes resulted in a dose-dependent decrease of induced DNA damage, measured with the Comet parameter Olive tail moment (OTM) (Figure 1(a) ). Oxaliplatin concentrations of 0.02, 2, and 200 µM resulted in approximately 44, 66, and 70% decreased OTM, respecttively, compared to the H 2 O 2 control. The data were statistically significant with p < 0.01. The OTM reduction induced by satraplatin was 49, 67, and 75% when the lymphocytes from colorectal cancer patients were treated correspondingly with 0.02, 2, and 200 µM. The OTM reduction was statistically significant with satraplatin concentrations relative to control treatment with H 2 O 2 (p < 0.01).
In healthy volunteers, oxaliplatin treatments of 0.2, 2, 20, and 200 µM resulted in an apparent reduction of OTM by approximately 18%, 25% (p < 0.05), 30% (p < 0.05), and 44% (p < 0.01), respectively, when compared to the positive control (50 µM H 2 O 2 ) (Figure 1(b) ).
Healthy lymphocytes treated with various satraplatin concentrations produced a statistically significant reduction in mean OTM with p < 0.01. Further, the rate of decrease was inversely proportional to the concentration of satraplatin used. Thus, while the least reduction in mean OTM of ~30% was observed with 0.02 μM satraplatin, the maximum reduction of ~75% was noted in the case of healthy lymphocytes incubated with 200 μM satraplatin (Figure 1(b) ).
Sister Chromatid Exchange (SCE) Induction by Oxaliplatin and Satraplatin
The DNA damage induced by oxaliplatin and satraplatin was investigated with the sister chromatid exchange (SCE) assay. SCE data for colorectal cancer patients and healthy control lymphocytes incubated with oxaliplatin or satraplatin for 48 hours are summarised in Table 1 . The number of SCEs formed per metaphase was significantly increased in colorectal cancer lymphocytes from the 6.5-fold (p < 0.01) to 8.5-fold (p < 0.001) when treated with 0.2 µM and 2 µM satraplatin correspondingly in comparison to untreated colorectal cancer cell (control). In addition, the SCEs frequencies induced by satraplatin increased approximately 1.7-fold in case of both oxaliplatin treatments (0.2 µM and 2 µM). The proliferative rate index (PRI) decreased from the untreated colorectal cancer cell (control) value of 2.51 ± 0.37 to 1.82 ± 0.22 and 1.49 ± 0.83 in the presence of 2 μM of either oxaliplatin or satraplatin, respectively.
Incubation of lymphocytes obtained from healthy volunteers with concentration of 0.2 µM either of oxaliplatin or satraplatin significantly increased the mean number of exchanges to approximately 17 and 30 SCE per metaphase, respectively, compared to 2 SCE per metaphase in untreated lymphocytes. The data indicated that when compared to the negative control the induced SCE frequency significantly increased by 7-fold (p < 0.01) and 12-fold (p < 0.001) in the treatment of 2 µM of oxaliplatin and satraplatin, correspondingly ( Table 1) . Table 1 . Sister Chromatid Exchange (SCE). The mean of the number of SCE ± SE was measured between healthy controls and colorectal cancer patients' cells treated with oxaliplatin and satraplatin. The results were normally distributed. Therefore, the data were analysed by one-way ANOVA followed by Dunnett's post hoc test for significant differences compared to the untreated control as appropriate for each group (*p < 0.01,**p< 0.01, ***p < 0.001).
Treatment
Concentration SCE/Cell PRI ± SE 
Control
Phosphorylation of Histone H2AX Induced by Oxaliplatin and Satraplatin
The γH2AX foci formation was investigated by the immunofluorescence assay in lymphocytes gained from colorectal cancer patients and healthy volunteers. As shown in Figure 2 , an increased number of γH2AX foci formations were observed after treatment of the lymphocytes with oxaliplatin or satraplatin. In colorectal cancer cells, treatment with 0.02 μM oxaliplatin was enough to generate more of γH2AX foci than in untreated cells by 4.5-fold. Additionally, foci formation rate was increased by approximately 7-fold when lymphocytes treated with 0.2 μM and by 9-fold with 2 μM oxaliplatin (Figures 3(a) and  (b) ). In comparison to the positive EMS-treated cells 2 μM oxaliplatin increased the number of γH2AX foci observed per cell nearly by 29%. Foci yielded per cell were significantly enhanced with the highest concentration of oxaliplatin used with p < 0.001 and p < 0.01 in all other cases. After satraplatin treatments in cancer cells, the incidence of the foci formation was increased with the increased concentrations of satraplatin (Figure 3(a) ). The γH2AX foci induction values indicated a good correlation (r = 0.86) with the concentrations of 0.02 µM, 0.2 µM and 2 µM satraplatin. Compared to the number of foci generated by control, both 0.2 μM and 2.0 μM satraplatin registered significant increases in the number of γH2AX foci by 8.5-fold and 11-fold, respectively. The induction of γH2AX foci was statistically significant (p < 0.01) with 0.02 μM satraplatin, and p < 0.001 in both of the concentrations of satraplatin 0.2 μM and 2.0 μM.
Treatment of healthy cells with the 0.02 µM, 0.2 µM, and 2 µM concentrations of oxaliplatin produced a higher induction of foci by 17%, 20%, and 24%, respectively, compared to untreated healthy cells (Figure 3(b) ).
The formation of γH2AX foci increased from 2% in untreated healthy cells to 38% when treated with 2 µM satraplatin. As indicated, the treatment of healthy cells with satraplatin was observed to induce a significantly (p < 0.01) higher γH2AX foci formation in healthy cells as against those healthy cells that received no treatment.
Discussion
Satraplatin (JM-216), or bis (acetato) ammine dichloro (cyclohexylamine) platinum (IV), is a novel platinum (IV) compound that is administrated orally unlike all platinum (II) class of compounds. Upon administration of satraplatin, a number of metabolites (JM118, JM383, JM518, JM559 and JM149) are formed [43] . Satraplatin and other platinum-based compounds exhibit anti-tumour activity via the formation of DNA crosslinks in vitro [44] which in turn results in specific cellular responses, namely, apoptosis and inhibition of transcription leading to arrest of cell replication [45] [46] [47] . It has been amply demonstrated that the primary mechanism of cell death induced by platinum compounds is through the formation of DNA adducts [45, 48, 49] . The present study investigates the effect of oxaliplatin versus satraplatin in terms of interstrand crosslinking action, SCE frequencies in S phase and induction of DNA double-strand breaks detected by γH2AX foci formation in lymphocytes from colorectal cancer patients and healthy individuals in vitro. Peripheral blood lymphocytes appear to be the cells of choice due to the fact that in a variety of cancers, these cells demonstrate basal DNA damage [50] Many chemoand radiotherapeutic agents have consequently been stu0 died to establish increased baseline DNA damage and diminished repair efficiency following exposure in cancer patients [51] . These appear to be the best choice of surrogate human cells due to the fact that the collection of lymphocytes is sufficiently non-invasive in comparison to collection of other target tissues.
Using a modified treatment for the alkaline Comet assay the induction of crosslinks by satraplatin versus oxaliplatin was investigated. Hence, lymphocytes were pre-treated in vitro with different concentrations of satraplatin or oxaliplatin (0.02 µM -200 µM) to induce crosslinks followed by an exposure to 50 µM H 2 O 2 which reduced alkali labile sites as well as strongly induced single-and double-strand breaks in the DNA. The reduced detection of these breaks due to crosslinked DNA served to identify the action of a cross-linking agent using the Comet assay. Our results showed a dose-dependent decrease in OTM up to 75% (p < 0.01) for the highest concentration of satraplatin; i.e. a decrease of the migration of DNA fragments and open ends in the electrophoretic field due to an increased amount of crosslinks (Figures 1(a) and (b) ). However, a direct relation between satraplatin-induced DNA crosslinks and satraplatin concentrations has also been detected. This could be explained by the fact that satraplatin is capable of forming intrastrand and interstrand crosslinks between the adjacent purine bases, which is similar to how cisplatin binds to the DNA [52] . Oxaliplatin forms intrastrand crosslinks between two adjacent guanine residues and between guanine-adenosine mainly at the reactive N7-position. Oxaliplatin also forms interstrand crosslinks, which represent 10% of the total number of adducts [53] . The mode of action of many chemotherapeutic drugs of importance in cancer treatment is through production of DNA interstrand crosslinks detectible by the comet assay in cells exposed to the drug [54] . It has recently been demonstrated that oxaliplatin-induced crosslinks were detected by the alkaline Comet assay using a H460 tumour cell line and patients' lymphocytes. This suggests that the Comet assay provides the means for predicting patient response to chemotherapy with platinum compounds [45] . Similar studies indicated that the alkaline Comet assay is widely applicable for detecting DNA cross-linking action induced by a variety of DNA cross-linking agents [36, 55] .
To determine whether the DNA damage induced by satraplatin and oxaliplatin has an effect on chromosomes during S phase, the SCE assay was employed. Here, to our knowledge, we report for the first time that treatment of lymphocytes from colorectal cancer patients with 2 µM satraplatin was sufficient to induce a significant 8.5-fold increase (p < 0.001) in the number of sister chromatid exchanges ( Table 1) . On an equimolar basis, the data indicated that SCE frequencies induced by satraplatin was a 1.7-fold more than oxaliplatin induced SCE in both colorectal cancer cells and healthy cells when treated with 0.2 µM and 2 µM. It is long known, that Satraplatin was found 2 -7 times more potent than cisplatin for lung cancer cell lines [17] . Another study showed that JM 118 one of satraplatin metabolites was up to 16 times more potent against prostate cancer cell lines than its parent satraplatin [15, 16] . Our data from colorectal cancer cells indicated that the proliferation rate index (PRI) decreased significantly up to 1.49 ± 0.83 (p < 0.01) and 1.82 ± 0.22 (p < 0.001) when treated with satraplatin and oxaliplatin in the highest concentration. Interstrand crosslink repair would necessitate both nucleotide excision and recombinational repair pathways [56] . During replication, the decreased DNA synthesis is partially responsible in the chemotherapeutic effect of drugs which form bulky adducts on the DNA. The postreplication repair pathway in mammalian cells is one possible way that allows cells to overcome replication blocks caused by these adducts [57] .
Adduct lesions induced by satraplatin and oxaliplatin may bypass the replication process successfully after producing a replication fork collapse. DNA replication continues even in the presence of DNA adducts leading to DNA translesion synthesis and to miscoding errors in the newly synthesised DNA [58] . Platinum-adducts may be successfully bypassed by translesional DNA polymerases [59] and several translesional DNA polymerases are capable of even bypassing platinum-adducts [22, 60, 61] . DNA polymerase β is able to synthesise DNA with greater efficiency in the presence of oxaliplatin adducts than those of cisplatin [57] . The efficiency and fidelity of such a bypass of these induced adducts by these translesional polymerases is likely to have an effect on mutagenicity.
In order to investigate DNA double-strand break induction induced by satraplatin, immunofluorescence detection of γH2AX foci formation was used. γH2AX is a sensitive marker of DNA double-strand breaks produced by chemotherapeutics that cause double-strand breaks [26] . In the present study, treatment of lymphocytes from colorectal cancer patients with different concentrations of oxaliplatin and satraplatin caused significant DNA double-strand breaks as observed from the data on γH2AX foci in individual cells (Figures 3(a) and (b) ). Our data indicated that the damage caused by satraplatin followed a dose-related linear increase in the number of γH2AX foci produced per cell. Furthermore, the γH2AX foci formation varied linearly with the oxaliplatin dose employed. To the best of our knowledge, these results represent for the first time that γH2AX foci formation was detected in lymphocytes either from colorectal cancer or from healthy individuals after satraplatin treatments. The measurement of γH2AX is closely related to the number of DNA strand breaks, and level of cell death [62] . Therefore, based on the results obtained in the present study it can be inferred that satraplatin causes more DNA doublestrand breaks and, perhaps, cell death as compared to equimolar oxaliplatin. The reason for this could be the higher interstrand crosslinks formation and cellular accumulation exhibited by satraplatin as compared with oxaliplatin. Satraplatin potentially produces DNA adducts that are more resistant to DNA nucleotide excision repair enzymes [63] . A recent study reported a fourfold higher accumulation of satraplatin than did oxaliplatin with CRC cell lines [19] . Following exposure to genotoxic agents, DNA replication is generally blocked through inhibition of replication initiation and through inhibition of DNA chain elongation when high doses of genotoxicants are used [64] . Many ICL agents can also obstruct DNA replication fork progression in dividing cells, resulting in the formation of DSBs [41] . It is believed that the activity of endonucleases at the sites of stalled replication forks causes DSBs [65] . The blockage of DNA replication results in the formation of γH2AX foci at sites of stalled replication forks [66] . Several proteins support the replication fork in its action of correction of replication errors or DNA strand breakages so that the cell cycle can continue. The stalled replication forks can resume DNA synthesis after the replication block has been removed, that is, after DNA damage has been resolved [67] . It is yet to be confirmed whether the generation of γH2AX at the sites of stalled replication forks is triggered by the stalled replication forks themselves [66] or occurs as a result of DSB formation [68] . Time course experiments conducted on a Chinese hamster ovary cell line exposed to ionising radiation and alkylating agents showed a decrease in the γH2AX foci number at sites of replication forks that undergo repair; however, unrepaired DSBs are likely to cause chromosomal aberrations if a cell undergoes mitosis, subsequently leading to cell death [69] .
The results of this study showing significantly higher levels of γH2AX foci in lymphocytes of colorectal cancer patients in relation to lymphocytes from healthy donors would indicate that the repair system in cancer cells experiences a loss of ability to cope with the repair of DSBs when treated with either oxaliplatin or satr-aplatin. Persistence of γH2AX foci after exposure to interstrand crosslinking agents such as Pt-based com-pounds cisplatin, oxaliplatin, and satraplatin, could refl-ect a defective homologous repair system that is unable to repair replication-associated DSBs [41] .
The clinical diagnostic uses of γH2AX are based on the fact that γH2AX levels essentially reflect endogenous genomic instability in tissues and, as such, serve to indicate pre-cancerous lesions [70] . It may be more relevant to measure DSBs for anticancer agents whose efficacy is dependent on the patient's metabolism. A patient's sensitivity to ICL cancer anticancer therapeutics could be evaluated by γH2AX measurements done in peripheral blood lymphocytes or skin samples at different times during or after treatment [70] . Following radiotherapy, in vivo measurements of γH2AX in white blood cells showed a very good linear correlation between the number of γH2AX foci per lymphocytes and radiation dose [71] . While the level of DSBs as measured by the surrogate γH2AX in blood cells may provide information on the effect of anticancer therapy, the response of tumour cells to the same treatment could be dependent on several factors including an altered gene expression and the proportion of S-phase cells [70] .
In conclusion, satraplatin effectively induced DNA interstrand crosslinks in lymphocytes obtained from colorectal cancer patients and healthy volunteers in vitro. Phosphorylation of H2AX is a process that is crucial for the recognition and repair of DNA double strand breaks. The measurement of γH2AX is closely related to the number of DNA strand breaks. An important clinical application of γH2AX measurements is to determine the levels DSBs generated by chemotherapeutic compounds as a marker of treatment efficacy. Further, γH2AX measurements would be useful to determine the sensitivity or resistance to DNA damaging anticancer agents.
